Alfvénic turbulence in space is usually imbalanced: amplitudes of waves propagating parallel and anti-parallel to the mean magnetic field B 0 are unequal. It is commonly accepted that the turbulence is driven by (counter-) collisions between these counter-propagating wave fractions. Contrary to this, we found a new ion-scale dynamical range of the turbulence established by (co-) collisions among waves co-propagating in the same direction along B 0 . The turbulent cascade is accelerated there and power spectra are steep and non-universal. The spectral indexes vary around -3 (-4) in the strong (weak) turbulence, such that steeper spectra follow larger imbalances. Intermittency steepens spectra further, up to -3.7 (-4.5). Our theoretical predictions are compatible with steep variable spectra observed in the solar wind at ion kinetic scales.
INTRODUCTION
Theory of strong Alfvénic turbulence (Goldreih and Sridhar 1995) predicts that the turbulence cascades anisotropically, mainly toward large perpendicular wavenumbers k ⊥ (small perpendicular scales λ ⊥ = 2π/k ⊥ ) across the mean magnetic field, k ⊥ ⊥ B 0 . This prediction has been supported by observations of the solar-wind turbulence (MacBride & Smith 2008, and references therein) . With growing k ⊥ the turbulent fluctuations become highly anisotropic, k ⊥ ≫ k z (z B 0 ), and their perpendicular scales approach the ion gyroradius ρ i . In this wavenumber range MHD Alfvén waves (AWs) transform into kinetic Alfvén waves (KAWs) (Hasegawa & Chen 1976) .
Nonlinear KAW interactions differ significantly from nonlinear AW interactions and produce different turbulent spectra (Voitenko 1998a,b; Schekochihin et al. 2009; De Keyser 2011, Boldyrev and Perez 2012, and references therein) . Consequently, at certain sufficiently large wavenumber k ⊥ = k ⊥ * the ion-scale spectral break should occur where the MHD AW turbulence transforms into the KAW turbulence. Recent observations of the solar wind turbulence at ion kinetic scales support this scenario (He et al. 2012 , Salem et al. 2012 , Podesta 2013 , Bruno et al. 2014 , Roberts et al. 2015 . KAW turbulence linked to MHD sources can develop also in solar (Zhao et al. 2013) , terrestrial , Stawarz et al. 2015 , and Jovian (von Papen et al. 2014) magnetospheres.
Theories of Alfvénic turbulence are relatively well developed in asymptotic MHD (k ) and ∼ k −7/3 ⊥ , respectively (Goldreih and Sridhar 1995 , Gogoberidze 2007 , Schekochihin et al. 2009 , and references therein). The reference cross-field scale separating MHD and kinetic ranges is the ion gyroradius, 1/k ⊥ * ∼ ρ i , because finite-k ⊥ ρ i effects distinguish KAWs from AWs. However, there is debate on the nature of ion-scale spectral break k ⊥ * and steep spectra at k ⊥ > k ⊥ * . Ion gyroradius ρ i , ion inertial length δ i , plasma β, turbulence amplitude B/B 0 , turbulence anisotropy k ⊥ * /k z * , and several their combinations have been suggested as relevant parameters fixing k ⊥ * (Markovskii et al. 2007 , Boldyrev et al. 2015 .
Solar-wind turbulence is imbalanced -amplitudes of waves propagating from the Sun B k(+) are usually larger than amplitudes of sunward waves B k(−) (e.g. Yang et al. 2016 , and references therein). A common theoretical assumption is that collisions between these counter-propagating Alfvén wave fractions generate turbulence (Howes & Nielson 2014, and references therein) . In this Letter we show that collisions among copropagating waves (co-collisions thereafter) are stronger than counter-collisions and establish a new dynamical range k ⊥ * < k ⊥ < 1/ρ i with steep spectra.
MODEL AND BASIC RELATIONS
Nonlinear dynamic equation for Alfvén wave amplitudes, including both counter-and co-collisions of waves, has been derived by Voitenko (1998a). Here we construct a semi-phenomenological model for the strong imbalanced Alfvénic turbulence from MHD to kinetic scales using the following approximation for the nonlinear interaction rate at scale k ⊥ :
where the wave velocity mismatch δV ks /V A ≡ ∆ k,s = 1 + (k ⊥ ρ T ) 2 − s and magnetic amplitude B k(±s) = B k(±) for co-collisions (s = 1) and B k(±s) = B k(∓) for counter-collisions (s = −1).
(1) is obtained from equation (6.3) by Voitenko (1998a) assuming local interactions and separating dominant (+) and sub-dominant (-) waves propagating in opposite directions along B 0 z. Other definitions are:
The key factor in (1) that distinguishes co-and counter-collisions is ∆ k,s . Co-collisions (s = 1) exist only for finite
for co-collisions (superscript ↑↑), and
for counter-collisions (superscript ↑↓).
In the strongly dispersive range (SDR)
i.e. co-collisions and counter-collisions produce the same scalings.
MHD-KINETIC TRANSITION AND SPECTRA
In the asymptotic
→ 0. In this limit evolution of forward waves B k(+) is driven by backward waves B k(−) , and vice verso, in compliance with Goldreih & Sridhar (1995) and many others. Let us start with imbalanced MHD turbulence described by Lithwick et al. (2007) , where the cascade times in both (+) and (-) components are defined by (3), τ
. The co-collision interaction rate (2) increases with k ⊥ faster than (3), and the transition occurs at
where they become equal. The MHD-type spectral transport driven by counter-collisions is faster at k ⊥ < k ⊥ * , but above k ⊥ * kinetic-type co-collisions dominate. As the turbulence imbalance shifts k ⊥ * well below 1/ρ i , a new dynamical range arises at k ⊥ * < k ⊥ < 1/ρ i , in the weakly dispersive KAW range (WDR). For (-) waves the counter-collisions are more efficient at all k ⊥ .
3.1. Scaling relations In the strong turbulence energy fluxes
where q k = ∆ k,−1 and p k = 3∆ k,1 /∆ k,−1 are regular growing functions of k ⊥ . Using (5) we express the fluxes ratio as
Solutions of this third-order equation with respect to B k(−) /B k(+) can be used back in (5) to find the amplitude scalings and spectra. At k ⊥ ρ T < 1, to the leading order,
and q k ≈ 2, which results in the amplitude ratio
Depending on 4 (k ⊥ ρ T ) 2 ≷ ǫ (−) /ǫ (+) , the former "MHD" range k ⊥ ρ T < 1 splits further into the asymptotic MHD range controlled by counter-collisions, and kinetic WDR controlled by co-collisions.
In the asymptotic MHD range k ⊥ ρ T < 0.5 ǫ (−) /ǫ (+) the amplitude ratio (7) is (5) gives the amplitude scaling B k(±) ∼ k −1/3 ⊥ . The corresponding power spectrum is P (±)
. These scalings reproduce those reported previously.
In WDR 0.5 ǫ (−) /ǫ (+) < k ⊥ ρ T < 1, controlled by co-collisions, the amplitude ratio is k ⊥ -dependent:
Then from (5) we obtain B k(+) ∼ k −1 ⊥ and spectrum
Subdominant amplitudes B k(−) ∼ const and P (−)
in both components. Evolution of the parallel wavenumbers. In the asymptotic MHD model by Lithwick et al. (2007) 
⊥ . In WDR evolution of (+) waves becomes independent on (-) waves and the linear decorrelation rate is γ
2 is the dispersive part of frequency. The parallel wavenumber scaling k z(+) ≈ const follows from the critical balance γ L k↑↑ ∼ γ NL k↑↑ . Evolution of parallel scales is thus suppressed in WDR.
Weak turbulence. Steepest spectra are formed by co-collisions in the weak turbulence. Using corresponding cascade rate γ
) formed in WDR (SDR) by direct cascades of enstrophy (energy). These spectra were reported by Voitenko (1998b) (note that our power spectra P k are related to the W k spectra by Voitenko as Galtier & Meyrand (2015) argued that SDR spectra might be even steeper than ∼ k −2.5 ⊥ .
Non-universal spectra
Since WDR is narrow, one order or less in the solar wind, the asymptotic spectrum ∼ k −3 ⊥ can hardly set up. Instead, variable spectra with indexes approaching −3 are expected in WDR. This behavior is observed in Fig. 1 where spectra are plotted using (6) and (5), i.e. without taking asymptotic limits. The spectral indexes in WDR vary, −3, such that steeper spectra follow larger imbalances ǫ (+) /ǫ (−) . Fig. 1. -Spectra of the dominant (+) component of the strong Alfvenic turbulence for different imbalance ratios ǫ (+) /ǫ (−) . Perpendicular wavenumber k ⊥ is normalized by ρ T , spectral powers are normalized to the same level in MHD limit.
Spectrum of (-) waves in WDR is much shallower, ∼ k −1 ⊥ , which leads to a convergence of (+) and (-) spectra. Such a pinning effect is seen in Fig. 2 . Fig. 2. -Spectra of the dominant (+) and sub-dominant (-) components of the strong turbulence for two imbalance ratios, ǫ (+) /ǫ (−) = 10 (dashed curves) and 100 (solid curves). The pinning effect is stronger for larger imbalance.
The imbalance in terms of magnetic amplitudes is shown in Fig. 3 . The amplitude ratio decreases from
i . The actual drop of the amplitude ratio is larger than the factor ǫ (+) /ǫ (−) expected from the contrast between the MHD and kinetic scalings because co-collisions modify spectral transport also before k ⊥ * and after ρ −1 i . Say, if the original imbalance in the asymptotic MHD range is 30, then in the asymptotic kinetic range above k ⊥ * it drops to about 4, as is seen in Fig. 3 (upper curve) .
The WDR spectra are subject to further steepening by intermittency (Boldyrev & Peresz 2012 , Zhao et al. 2016 . Modifications introduced by intermittency can be cast in the form P k →P k ∼ k −α/3 ⊥ P k , where α = 1 for sheet-like and α = 2 for tube-like fluctuations (Zhao et al. 2016) . The strong WDR spectrum
, which is close to 
DISCUSSION
Several recent observations can be explained by cocollisions triggered by imbalance. Bruno et al. (2014) and Bruno & Telloni (2015) have revealed that the ionscale spectra are systematically steeper in the faster solar winds and suggested it may be caused by Alfvénicity, i.e. imbalance. Our theory supports this suggestion and explains why steeper spectra follow larger imbalances. Chen et al. (2014) found that at low β the spectral break shifts to scales larger than ρ i , which can be attributed to co-collisions reducing k ⊥ * below 1/ρ i . Spectral trends in Fig. 2(a) by Chen et al. (2014) (and in Fig.  1(b) by Wicks et al. 2011 ) agree with our Figs. 1 and 2, and WDR properties 1-6 (see below). Markovskii et al. (2007) argued that the break wavenumber decreases with increasing amplitude at break, which again may be caused by the turbulence imbalance (it is usually larger at larger amplitudes). These observations are compatible with our theoretical predictions, but they did not use direct measurements of the turbulence imbalance. We are not aware of such dedicated observations so far. Podesta et al. (2010) have shown that the cumulative effect of Landau damping at every cascade step prevents cascade extending far beyond the ion gyroradius scale. This and other kinetic damping effects were widely discussed as possible mechanisms absorbing turbulent cascades (Leamon et al. 1999 , Voitenko & Goossens 2004 , Wu & Yang 2007 , Chandran et al., 2010 , Maneva et al. 2013 , Nariyuki et al. 2014 , Cranmer 2014 , Passot & Sulem 2015 . Nevertheless, the nearly universal power-law turbulent spectra ∼ k −2.8±0.3 ⊥ extend in SDR up to electron gyroscale (Alexandrova et al. 2013 , and references therein). Slight deviations from theoretical spectra (∼ k
in the strong / weak turbulence) can be attributed to intermittency (Boldyrev et al. 2012 ) and damping (Passot & Sulem 2015) . Zhao et al. (2016) argued that damping modifies the spectral index by 0.1 only.
These observations suggest that the damping is not so strong as thought before. The reason can be particles' feedback via quasi-linear diffusion (e.g. Pierrard & Voitenko 2013) reducing velocity-space gradients and hence damping (Voitenko & Goossens 2006) . Clear signatures of quasi-linear plateaus in the solar-wind velocity distributions have been demonstrated recently by He et al. (2015) , in which case estimations based on Maxwellian velocity distributions (Leamon et al. (1999) , Podesta et al. (2010) , and many others) are exaggerated and inapplicable. The actual damping is not easy to evaluate as the detailed knowledge of the velocity distributions is required in every particular case. We thus focused on nonlinear dynamics ignoring the linear damping γ L k as compared to γ NL k (which seems also natural in view of the usual ordering γ
⊥ observed in WDR (Leamon et al. 1999 , Smith et al. 2007 , Sahraoui et al. 2010 are much steeper than the theoretical spectrum ∼ k −5/3 ⊥ formed by counter-collisions. Both the spectral steepening and non-universality in WDR are much larger than in SDR and can hardly be caused by intermittency or damping without significant modification of nonlinear interactions. Our theoretical results uphold the dominant role of the nonlinear interactions also in WDR, particularly due to their strengthening by co-collisions.
Here we investigated kinetic transition from imbalanced MHD turbulence described by Litwick et al. (2007) . Transition from MHD turbulence described by Beresnyak and Lazaryan (2008) can be constructed similarly but is more cumbersome and will be studied separately. Here we only note that the cascade rate by Beresnyak & Lazaryan is reduced as compared to (3), which should reduce k ⊥ * and steepen spectra above it.
SUMMARY
We found a new dynamical range of the strong Alfvénic turbulence formed by co-collisions at sub-ion wavenumbers. Its main properties are:
1. The MHD-kinetic transition and spectral break occur at k ⊥ * (4). Counter-collisions still dominate below k ⊥ * , but above k ⊥ * co-collisions become dominant and establish weakly dispersive turbulent range (WDR) k ⊥ * < k ⊥ < 1/ρ i .
2. Spectral transport in WDR is accelerated and spectra are steep and non-universal. The spectral index vary from −2 to −4 depending on the turbulence imbalance, strength, and intermittency. Steeper spectra follow larger imbalances, stronger intermittency, or weaker turbulence.
3. Magnetic amplitude ratio B k(+) /B k(−) is not scaleinvariant in WDR decreasing from ǫ + /ǫ − to ǫ + /ǫ − .
4. Dominant and sub-dominant spectra converge exhibiting a pinning effect in WDR.
5. Evolution of the parallel wavenumber and frequency slows down in WDR and wavenumber anisotropy grows faster.
6. WDR spectra are steeper than nearby MHD and SDR spectra, which results in a specific double-kink spectral pattern often observed at ion kinetic scales.
